Abstract: In our investigation, V doped SiO 2 /TiO 2 thin films were prepared on glass substrates by dip coating sol-gel technique. Chemical composition of the samples was studied by X-ray photoelectron spectroscopy (XPS). Transmittance of the samples was characterized using UV-VIS spectrophotometry. Subsequently band-gap energy (Eg) was estimated for these films. Powders obtained from sols were characterized by FTIR spectroscopy. It was found that vanadium decreases optical band gap of SSiO 2 /TiO 2 films.
Introduction
Several different nanostructured materials have been investigated on their potential applications in photocatalysis, photovoltaics, optical and electro-optical devices for over 20 years [1] [2] [3] . Yet, titanium dioxide is still the most popular for photocatalytic application because of good chemical stability, non-toxicity, high photocatalytic activity, and relatively low price [2] . TiO 2 has been found to be the best photocatalyst in total destruction of many organic compounds in polluted wastewater [4] [5] [6] [7] and has been utilized also in glass technology in the preparation of self-cleaning glasses [8] [9] [10] [11] [12] . However, more widespread applications of TiO 2 as photocatalyst have been limited * E-mail: nocun@agh.edu.pl due to its relatively wide band gap (3.2 eV). It requires ultraviolet irradiation (λ < 387 nm) for incident catalytic activity. As a result, with pure TiO 2 , only < 5 % of the solar radiation reaching the earth's surface can be used [13] . The main research activity at present is focused on improvement of the efficiency of photocatalysts, especially in the visible light region. Chemical composition of TiO 2 can be altered by doping with selected elements [14, 15] . Vanadium-doped TiO 2 and TiO 2 /SiO 2 thin films and powders have been a subject of many papers [16] [17] [18] [19] , which discuss preparation and characterization. In the present work, TiO 2 -SiO 2 transparent thin films doped with vanadium were prepared on glass sheets using sol-gel method. The main aim of the work was to find a photocatalyst showing good photocatalytic activity in visible light region.
Experimental procedure

Sol preparation
The sol solutions were prepared using tetraethyloorthosilicate [TEOS] and tetraethyloorthotitanate [TEOT] (SigmaAldrich). Ethanol 95 % and 2-propanol (Polish Chemicals) were used as solvents. Hydrolysis reaction was catalyzed by 1 M HCl (Polish Chemicals). Chemical composition of the sol is shown in Table 1 while preparation procedure is illustrated in Fig. 1 Vanadium compound was prepared in the following way: 20 ml of H 2 O 2 was added to 0.5 g of V 2 O 5 in a cold water bath (reaction is highly exothermic). The obtained brownred solution was left to dry at room temperature. The green sediment was dissolved in 20 ml of acetyl acetone (Sigma-Aldrich) and a marine colored solution was obtained. Next, 25 ml of silica-titania sol was mixed with 1, 2, 3 and 3.5 ml of the prepared solution, thus obtaining sols with different contents of vanadium. The amount of vanadium was estimated to be 0.02, 0.04, 0.06 and 0.07 M on 1 M of Ti. The colour of the sols was initially green or yellow-green, changing after a few days to yellow and red (Fig. 2) . 
Preparation of thin films
Microscope slide glasses were used as a support. Glasses were first washed in distilled water, dried, and washed in ethanol. Both procedures were carried out in ultrasonic bath. Thin films were prepared by dip-coating technique. Speed of withdrawing was 6.5 cm/min, giving layers with 70 nm thickness (estimated from ellipsometer measurements). Samples were dried at room temperature and calcinated at 150, 300, 400 and 500°C for 60 min.
Thin film characterization
Surface compositions of the samples were established from XPS (X-ray photoelectron spectroscopy) measurements using VSW spectrometer. Al Kα 200W was used as an X-ray source. All spectra were calibrated with the binding energy of apparatus carbon C1s peak E = 284.6 eV [20] [21] [22] . Curve fitting procedure was carried out using XPSPEAK 4.1 program (Raymunda W.M. Kwok, The Chinese University of Hong Kong). Optical properties of the films were measured using JASCO V-650 spectrophotometer. UV-VIS spectra were recorded from 300 to 1100 nm with 1 nm resolution. 
Gel structure evaluation
The structure of thin films is difficult to analyze due to its small thickness; instead we analyze the structure of the relevant gel. For this, sols were left to gelation at room temperature, and next were dried at 90°C. The gel structure was studied using infrared spectroscopy (FTIR). FTIR spectra were recorded with a Bruker Vertex 70V spectrometer. Data were collected in a middle spectrum region (4000-400 cm −1 ) after 256 scans at 4 cm −1 resolution. Samples were prepared by the standard KBr pellet method.
Results and discussion
FTIR results
FTIR results of gels with different amount of vanadium are shown in Fig. 3 . A broad absorption peak with maximum at 3440 cm −1 is assigned to the stretching modes of O-H bond vibrations, which is related to free water (capillary pore water and surface absorbed water). Water presence in the gel is also associated with the peak at 954 cm −1 [5] . Bands at 1000-1250 cm −1 wavelength range are attributed to asymmetric stretching vibrations of Si-O-Si bonds, while the absorption peak at 775 cm −1 is ascribed to symmetric stretching vibrations of these bonds. Bending vibrations of O-Si-O bridges are seen at 430 cm −1 . The Si-O-Ti linkage stretching vibration band appears at about 930 cm −1 [1] [2] [3] [4] . The peaks related to -CH 3 and -CH 2 groups are observed around 1361, 1526, 1585, 2929 and 2970 cm −1 [1, 2] . In the range between 400-1000 cm
Ti-O bond vibration is detected. Differences in intensities of peaks in the 400-1000 cm
range are associated with increases of vanadium content, and could be a result of the presence of vanadium at different valence states in the TiO 2 /SiO 2 lattice [3] . The band at 1022 cm −1 is assigned to the V=O stretching vibration mode [6] [7] [8] , however in our gels band associated with this mode is visible at lower frequency (990 cm −1 ), and this band increases with increasing vanadium content. Peak at vicinity of 818 cm −1 is attributable to the coupled vibrations between V=O and V-O-V [6] . Generally, the IR band of V=O in crystalline V 2 O 5 appeared at 1020-1025 cm −1 and the Raman band at 995 cm −1 [6] [7] [8] .
Absorption bands in the range 1585-1278 cm −1 are connected with acetyl acetone (ACC) present in the gel structure. This is clearly seen comparing IR spectrum of gel ST12 with and without ACC (Fig. 4) . It is interesting to notice that the ST12 gel spectrum contains broad bands characteristic of glassy materials, while the spectrum of the gel containing ACC is constructed with very sharp (ACC) present in the gel structure. This is clearly seen comparing IR spectrum of gel ST12
with and without ACC (Fig.4) . It is interesting to notice that the ST12 gel spectrum contains broad bands characteristic of glassy materials, while the spectrum of the gel containing ACC is constructed with very sharp bands characteristic of crystalline materials (Fig.4) . If so, crystals must be very small as Tyndall effect is not observed. On the other hand, sols with ACC are much more stable than sols not having ACC. This can be explained by the complexing ability of ACC, preventing aggregation of SiO2 or TiO2. 
XPS results
Selected results of XPS analysis are shown in Figs 5-7. Oxygen O1s region (Fig.5) consists of three peaks with the following binding energies: 530.3, 532.1, 534.4 eV. Oxygen with binding energy 530.3 eV is associated with titanium, the binding energy usually observed for TiO2 [23] . Such value of binding energy was also published for V2O5 compound [23] . Oxygen surrounding Si atom gives peak with 532.1 eV. This binding energy is characteristic in case of SiO2 and SiO2-gel [24] . Adsorbed water and carbon compounds on the surface give O 1s peak with binding energy 534.4 eV. Titanium Ti2p region contains only one peak with binding energy 458.6 eV (Ti2p3/2) so only one surrounding arrangement of titanium is expected (Fig.6) ; this value of binding energy of titanium is that reported for TiO2 [25] . Binding energy of Si2p was measured to be 102 eV, the value often observed in case of silica glasses or zeolites [26] . Fig.7 shows XPS spectrum in V2p region. Due to low concentration of vanadium in the sample, oxygen satellites dominate the spectrum; however it was possible to establish the binding energy of vanadium. The binding energy of V2p3/2 peak is 516.8 eV, typically reported for V2O5 [27] . Binding energy of vanadium decreases up to (Fig. 4) . If so, crystals must be very small as Tyndall effect is not observed. On the other hand, sols with ACC are much more stable than sols not having ACC. This can be explained by the complexing ability of ACC, preventing aggregation of SiO 2 or TiO 2 .
Selected results of XPS analysis are shown in Fig. 5-7 . Oxygen O1s region (Fig. 5) sample [23] . Such value of binding energy was also published for V 2 O 5 compound [23] . Oxygen surrounding Si atom gives peak with 532.1 eV. This binding energy is characteristic in case of SiO 2 and SiO 2 -gel [24] . Adsorbed water and carbon compounds on the surface give O 1s peak with binding energy 534.4 eV. Titanium Ti2p region contains only one peak with binding energy 458.6 eV (Ti2p 3/2 ) so only one surrounding arrangement of titanium is expected (Fig. 6) ; this value of binding energy of titanium is that reported for TiO 2 [25] . Binding energy of Si2p was measured to be 102 eV, the value often observed in case of silica glasses or zeolites [26] . Fig. 7 shows XPS spectrum in V2p region. Due to low concentration of vanadium in the sample, oxygen satellites dominate the spectrum; however it was possible to establish the binding energy of vanadium. The binding energy of V2p 3/2 peak is 516.8 eV, typically reported for V 2 O 5 [27] . Binding energy of vanadium decreases up to 516.0 eV with increasing vanadium content. This decrease in binding energy can be attributed with V-O-Ti linkage formation. Such conclusion is supported by the simultaneous decrease in binding energy of titanium Ti2p 3/2 from 458.6 eV to 458.3 eV when vanadium content increases from 0 to 0.07 M.
Optical properties
Transmittance of the glass samples with silica-titaniumvanadium thin films is shown in Fig. 8 . In the visible range, transmittance is higher than 75 % for all samples. Increase in vanadium content leads to increase in transmittance but this effect is not significant. The influence of annealing temperature on transmittance is just the opposite: increase of annealing temperature gives lower transmittance (Fig. 8b) . This observed effect is connected with crystal- lization of titanium and titanium-vanadium compounds as well as doping of TiO 2 crystals with vanadium, which absorb light in shorter range -400-600 nm. Optical band gap energies of V doped SiO 2 /TiO 2 films deposited on soda lime glasses are presented in Fig. 9 . The absorption coefficient α is proportional to −lnT, where T is film transmittance. To obtain optical band gap energy (Eg), (−ln(T ) · V ) 2 vs. hν was plotted, and the energy was estimated from the interception of a straight asymptote line with the horizontal axis. Increase in vanadium is found to decrease optical energy band gap. The highest decrease is seen for samples annealed at 500°C. High sintering temperature increases diffusion rate of vanadium into TiO 2 as well as leads to better crystallinity of the film. However, decrease in energy band gap is not significant and does not exceed 0.2 eV.
crystallization of titanium and titanium-vanadium compounds as well as doping of TiO2 crystals with vanadium, which absorb light in shorter range -400-600 nm. 
Conclusions
Vanadium doped SiO 2 /TiO 2 thin films were prepared by sol-gel technique. The films are highly transparent with good adherence to the glass substrate. Sols containing vanadium are stable over long period of time -more than two months. Vanadium addition leads to decrease in optical band gap of silica/titania thin films. This effect is most evident for samples annealed at higher temperature.
